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The conceptualmodel presented in the paper helps to identify themost important risk factors and can be used as
a template for more detailed risk assessments.








The risk of an Arctic oil spill has become a global matter of concern
during recent decades, and the release of oil into Arctic marine environ-
ment is considered the most signiﬁcant threat from Arctic shipping ac-
tivities (Arctic Council, 2009). As climate change is extending the ice-
free period and opening new sea routes, maritime trafﬁc in the Arctic
is increasing (AMAP, 2010; Ho, 2010; Sulistiyono et al., 2015). More-
over, the relatively unexploited Arctic petroleum reserves appear to be
the next frontier for oil and gas exploration (AMAP, 2010). The opening
of shipping routes means that not only will tankers be moving oil out,
but there will be active transport of freight along the entire length of
the Arctic sea routes. Increased trafﬁc together with harsh climate and
unfavorable navigability increases the likelihood of an oil spill. Hence,
there is an obvious need to develop analysis tools that offer a systematic
way to quantitatively assess the consequences of possible oil spills so
that the oil induced risks can be taken into accountwhennew sea routes
or previously unexploited oil reserves are utilized.
As the Arctic environment is globally unique, sensitive, and mainly
pristine (Jörundsdóttir et al., 2014) – although not completely un-
touched by human activities (see e.g. Muir et al., 1992; Miquel, 2001;
Weber et al., 2010) – and the warming climate is already putting pres-
sure on the environment (ACIA, 2004; Moore and Huntington, 2008;lainen).
. This is an open access article underKelmelis, 2011; Bolsunovskaya and Bolsunovskaya, 2015), a major oil
spill in ice-ﬁlled waters could be disastrous to marine mammals, birds,
and other biota. Physical geography of the Arctic affects behavior, fate,
and ecological effects of oil. The spreading and weathering of oil can
be substantially reduced in the cold and icy conditions, oil decomposes
slowly in the cold latitudes, and the rate of recovery of the Arctic envi-
ronment is slow (Fingas and Hollebone, 2003; Brandvik et al., 2006;
AMAP, 2010). Moreover, the presence of ice increases the uncertainty
related to the fate of oil and the communication and response capabili-
ties in the Arctic are typically far below ofwhat they are in other regions
in the world (Arctic Council, 2009). If an oil spill happens in the Arctic,
oil is likely to remain in the environment for a long time and subsequent
harm will be prolonged, as at this point there are no effective means of
containing and cleaning up spilled oil in broken sea ice (Arctic Council,
2009; Transportation Research Board and National Research Council,
2014).
One problem in oil spill risk analysis in the Arctic marine areas is the
lack of ecological background data. For example, the information about
species' distributions and abundancies can be scarce or totally lacking,
and even general biological knowledge, related to, e.g., species level
predator-prey dependencies, reproduction and migration patterns, is
often limited or non-existent. As a rule of thumb, the more demanding
the climatic conditions, the fewer ﬁeld studies have been conducted
(Kaiser et al., 2011). Moreover, there are no data from earlier accidents
since luckily no major oil spills have occurred in truly Arctic areas.
Follow-up studies on previous oil spills in sub-Arctic regions, such asthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. The conceptual model for estimating the acute impacts of oil spills on the Arctic
marine ecosystems.
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cient and even contradictory (Paine et al., 1996). Monitoring the effects
of EVOS has been moderately successful with some species (e.g. Day
et al., 1997; Bodkin et al., 2002; Esler et al., 2002; Boehm et al., 2004;
Carls et al., 2004), but documenting the effects of the spill on the
whole ecosystem and its internal interactions has generally failed. De-
spite the lack of accurate knowledge in broad scale, effects of oil on
someArctic species are relativelywell understood due to several labora-
tory experiments (e.g. Albers, 1998; Faksness and Brandvik, 2008;
Hannam et al., 2010; Jonsson et al., 2010), and some very general syn-
theses of the likely effects of an Arctic oil spill have been reported
(AMAP, 2010). Most empirical and theoretical studies, however, have
concentrated only on few speciﬁc species or very simpliﬁed food chains.
Arctic ecosystems consist of relatively short food webs making tro-
phic interactions comparatively simple (Kaiser et al., 2011). This implies
that population changes in just one key speciesmay have strong cascad-
ing effects in the entire ecosystem (Palumbi et al., 2008; Hop and
Gjøsæter, 2013). Hence, when assessing the risks to the environment,
we should assess both the vulnerability of species together with their
importance in a foodweb.Moreover, in order for ecological risk analysis
to cover the whole ecosystem, it should be based on functional groups.
Functional groups are formed based upon the role species play in an
ecosystem rather than their taxonomic status (Calow, 2009), and the
range of functional types present in an ecosystem are likely to be
more closely related to the stability of an ecosystem than the number
of species within it (Allaby, 2010). Hence, focusing on functional groups
instead of individual species implies more holistic approach to risk as-
sessment. However, so far risk assessments of oil in the Arctic have con-
centrated only on few key or otherwise relevant species (e.g. Aas et al.,
2000; Gerber et al., 2004; Hannam et al., 2010, Hansen et al., 2011;
Nørregaard et al., 2015) and they have rarely aimed for more extensive
ecosystem based risk assessment, where the role of species in the eco-
system and in food webs would be taken into account.
In this work, we present a general probability-based approach to as-
sess ecosystem level risks related to oil spills in the Arctic. We concen-
trate on assessing the acute impacts of spills, and discuss the difﬁculty
of predicting the longer term impacts. We introduce a food web
model that displays the most relevant dependencies among oil and
the ecosystem response in a functional group level, and discuss an ap-
proach to turn this qualitative description of the Arctic marine ecosys-
tem into quantitative risk assessment tool. We pay a special attention
to differences in the relevant factors between Arctic and temperate re-
gions that need to be taken into account in this kind of analysis. By con-
structing such a holistic model, we aim to produce the best possible
description of the Arctic ecosystems for oil risk assessment studies and
provide a basis for analyzing oil spill impacts in the Arctic ecosystem
as holistically as possible.
The paper is structured as follows. First we give a short introduction
to probabilistic (Bayesian) risk analysis. Then we introduce a functional
groups based Arctic marine food web, which can be used to describe an
Arcticmarine ecosystem in oil spill risk analysis. The foodweb is used as
a basis for a qualitative description of the ecological oil risk assessment
process. For last, we present how this qualitative description can be
transformed into a quantitative probabilistic scenario speciﬁc oil risk
assessment.
2. Probabilistic risk assessment and Bayesian networks
The aim of an ecological risk assessment (ERA) is to systematically
enhance our understanding of the probability and intensity of a harmful
ecological response to a human activity, so that the decision affecting
the outcome can be made based on the best available scientiﬁc knowl-
edge (Gentile and Harwell, 1998). ERA typically contains problem for-
mulation, analysis of exposure and ecological effects, and risk
characterization, which describes the risks and estimates their magni-
tude (Fowle and Dearﬁeld, 2000). So far Arctic ERA's are at bestqualitative (see e.g. EPPR, 1996; Bolsunovskaya and Bolsunovskaya,
2015). As we aim to move towards quantitative risk analysis, we make
use of Bayesian theorywhich provides amachinery for logical reasoning
and decision making under uncertainty (Raiffa and Schlaifer, 1961;
Gelman et al., 2013).
Fig. 1 shows our conceptual model (the qualitative description) for
ERA related to acute impacts of possible oil spills in Arctic marine eco-
systems and we discuss its elements in more detail throughout the
paper. After building the qualitative formulation of the problem, we
can use Bayesian networks (BNs: Pearl, 1988; Jensen, 1996; Jensen
and Nielsen, 2007) to conduct the quantitative risk characterization.
BNs, and Bayesian modeling in general, force the analyst to be explicit
and transparent about his assumptions, which is particularly important
in analyses with broad policy relevance. Hence, BNs are increasingly
popular in environmental and ecological research (e.g. McCann et al.,
2006; Aguilera et al., 2011; Landuyt et al., 2013), and they have been
employed to oil spill related ERAs in sea areas, such as the Baltic Sea
(Aps et al., 2009; Helle et al., 2011; Lecklin et al., 2011; Jolma et al.,
2014; Helle et al., 2016) and the Gulf of Mexico (Carriger and Barron,
2011).
A BN is a probabilistic graphical model that represents a set of ran-
dom variables and their dependencies. A typical example of a BN is a di-
rected acyclic graph containing nodes and arrows. Nodes correspond to
random variables and arrows describe the conditional independence
structure between these variables. An arrow from one node to another
indicates that the state of the receiving node (child) is conditionally de-
pendent on the state of the originating node (parent).
Fig. 2 shows a BN that represents the variables and their dependen-
cies relevant for the oil spill risk assessment in the Arctic ecosystem. For
example, acute impact of an oil spill on a functional group A (Acute im-
pact: Group A) depends on the spatial area polluted by oil (Oiled area),
Fig. 2. Bayesian network for analyzing effects of oil spill in the presence of interaction
between two functional groups during and right after an accident (acute impact) and
over a long-term (long-term impact, illustrated only for Group A). See Section 3.2 and
Table 1 for the description of the variables.
Fig. 3.A food-web of upper trophic levels in the Arcticmarine areas. The functional groups
should be thought in terms of practical risk assessment taking into account the main
features that contribute to how and on what time-scale oil affects the species (see
Section 3.1).
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conditional independence assumptions – given the states of the parents
the probability distribution of the child does not depend on the nodes
preceding its parents. When building BNs, each node corresponds to
an assumption which we want to make explicit in our reasoning. Ex-
cluding variables from a BNmeans thatwe are not interested to analyze
and make their effect visible in the risk assessment and, technically, we
have marginalized over the uncertainty related to them. On the other
hand, eachmissing arrow between any two nodes corresponds to an as-
sumption that there is no direct inﬂuence between these nodes.
Variables in a BN are typically discretized to a number of mutually
exclusive states. After deﬁning the structure of a BN, one needs to spec-
ify the conditional probability distributions for all variables in that net-
work. If a variable does not have any parents, it has one (marginal)
probability distribution,whereas a variablewith parents has a set of dis-
tributions (a conditional probability table, CPT); one distribution for
each possible combination of the states of the parents. Several sources
of information can be used to specify the distributions, including e.g. ex-
perimental and observational data, results from earlier studies, and ex-
pert knowledge (Uusitalo, 2007). Since conditional distributions
dependonly on the states of theparents of a variable, these distributions
can also be updated independently (Castelletti and Soncini-Sessa,
2007). Hence, a BN can easily be updated according to the best and
the most current information available for each variable.
A BN can also be extended to an inﬂuence diagram (ID) by adding
decision and utility nodes to it (Howard and Matheson, 2005). IDs can
be used to assess the inﬂuence of decisions on variables and outcomes
in the network, and they can help e.g. in ﬁnding the optimal combina-
tions of management measures. However, in the following sections
we concentrate only on how BNs can be used to assess the conse-
quences of possible oil accidents in the Arctic seas and discuss how
the needed probability distributions can be formed to enable a quantita-
tive risk assessment.3. Predicting the impacts of an oil spill to the Arctic marine
ecosystems
3.1. Step 1: identiﬁcation of the relevant ecological components at risk in
the Arctic marine areas
Instead of traditional species-speciﬁc risk assessment, ecological risk
assessment should focus on food webs on functional groups level when
we aim to assess the effects on ecosystems rather than single species.
The range of functional groups affect the stability of an ecosystem
more than the number of species within it (Allaby, 2010) and, in the
case of an accident, biota is likely to experience indirect effects via
food web in addition to direct oil-induced effects (e.g. Peterson et al.,
2003; Hjermann et al., 2007). Hence, a foodweb representation enables
a holistic analysis of risks to thewhole ecosystem and provides a natural
way to extend the analysis from acute to long term effects. Moreover,
functional group approach increases the amount of information avail-
able for risk analysis which is important in areas with limited data. For
example, when we have little data on few species, we can use it to
make generalizations to these species' functional group, and at the
best case we can even obtain information about their prey and
predators.
Commonly functional groups are formed based upon the role species
play in an ecosystem rather than their taxonomic status (Allaby, 2010).
Using this reasoning,many Arctic species could ﬁt into several function-
al groups. However, we take additionally into account themain features
that contribute to how and on what time-scale oil affects the species,
such asmobility, feeding and breeding behavior, and different tolerance
levels. Speciesmay also belong to different functional groups during dif-
ferent stages of their life. Therefore the functional groups in our ap-
proach should be thought in terms of convenience for practical risk
assessment similarly to, for example, Miquel's (2001) general view for
contamination studies in the Kara Sea.Wedonot aim at perfect descrip-
tion of an Arctic ecosystem but at displaying the most relevant depen-
dencies in it. We summarize the food web with the key functional
groups above the lowest trophic levels (Fig. 3; Appendix A). Primary
producers (here mainly phytoplankton) are left out since studies in
temperate waters have shown that the damage to them by oil spills is
likely to be rather modest and short in duration (see AMAP (1998)
and references therein).
Despite the small existing knowledge, some general assumptions
can be made of how an oil spill would affect different parts of an Arctic
ecosystem. Most biota are likely to experience at least some toxicologi-
cal effects after an oil spill through either direct toxicity of oil or inges-
tion of contaminated prey. In addition to toxicological effects, physical
contact with oil can also lead to, for example, smothering. However,
species are exposed to oil in different ways, have different tolerance
levels, and varying ability to avoid oil (AMAP/CAFF/SDWG, 2013).
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might be particularly signiﬁcant for species living or feeding at surface
waters and shorelines. A major difference between non-Arctic and Arc-
tic environments is that the risk of acute hypothermia is greater in the
latter due to colder conditions year-round. Recovery potential varies
among species and functional groups, and is affected by e.g. species-
speciﬁc reproduction and recolonization rates (Kaiser et al., 2011), and
the harm caused by an oil spill may be prolonged for species with long
life cycles. Generally populations are most vulnerable to oil spills
when they form aggregations, commonly when they are migrating,
staging, breeding, feeding, or resting. Next we discuss the main charac-
teristics of each functional groupwith emphasis on oil spill point of view
(see also Appendix A for a summary).
Apex predators, also known as top predators, refer to animals that,
as adults, have no natural predators in their ecosystem (excluding
humans). Generally apex predators have low reproduction capacity,
and the young are dependent on their parent(s) for a relatively long
time (Storer et al., 1979). They play an important role in an ecosystem,
and removal of them can have dramatic and cascading impacts on an
ecosystem (Myers et al., 2007; Heithaus et al., 2008; Ordiz et al.,
2013). The only species of this functional group in our food web is
polar bear (Ursus maritimus). Other Arctic apex predators are either
non-marine and therefore unlikely to be exposed to spilled oil, like arc-
tic fox (Vulpes lagopus), or differ greatly from polar bears based on e.g.
their feeding or breeding habits and are therefore placed into different
groups in our classiﬁcation (some seabirds or toothed whales). Polar
bears are likely to experience both physical and toxicological harm if
oiled. They rely on fur for insulation and buoyancy, and oil contamina-
tion may therefore be particularly damaging to them (AMAP, 2010).
Some studies suggest that they might avoid oil on the water surface,
but once oiled, they will groom their fur leading to ingestion of oil
(Engelhardt, 1983; Hurst et al., 1991).
Seals include seals that mainly eat pelagic ﬁsh and crustaceans, and
have a dense but short fur, for example, ringed seal (Pusa hispida) and
harp seal (Pagophilus groenlandicus). They form an important link be-
tween top predators and ﬁsh, and are the most important prey item
for polar bears. Adult seals are not considered to be highly sensitive to
oiling due to their scattered distribution and diminished risk of hypo-
thermia as they rely on blubber, not fur, for insulation (AMAP, 2010).
Nonetheless, possible acute effects of oil include, for example, skin irri-
tation, lethargy, and corneal ulcers, but most effects are thought to be
largely reversible (Kelly et al., 2010). Pups, however, can be very sensi-
tive to oiling due to lanugo fur towhich oil adheres easily causing hypo-
thermia and drowning (AMAP/CAFF/SDWG, 2013).
Bottom-feeding mammals contain mammals that dive food from
seabed. For example, walruses (Odobenus rosmarus) and bearded seals
(Erignathus barbatus) belong to the group. Adult individuals are not con-
sidered to be highly sensitive to oiling (AMAP/CAFF/SDWG, 2013). Al-
though pups have similar fur as adults and are able to swim soon after
their birth, the oil may be a disadvantage for them and exhaustion
may lead to death (AMAP/CAFF/SDWG, 2013). The most signiﬁcant dif-
ference between this and the previous group is in the way they obtain
food, and thus the fate of oil plays a key role in how the functional
groups experience an oil spill.
Toothed whales of the Arctic include, for example, beluga whale
(Delphinapterus leucas) and narwhal (Monodon monoceros) whereas
Baleen whales of the Arctic include, for example, bowhead whale
(Balaena mysticetus) and common minke whale (Balaenoptera
acutorostrata). Feeding habits of the two groups differ greatly, toothed
whales are opportunistic feeders mostly feeding on schooling ﬁsh
whilst baleen whales use their baleen plates for ﬁltering food from
water, but otherwise they are assumed to be fairly alike from oil spill
perspective. Although information is limited, the general assumption
is that whales are relatively unharmed by oil although prolonged expo-
sure may increase their sensitivity (AMAP, 2010). Physical oiling is not
likely to be harmful to whales, as all whales rely on blubber forinsulation, and their skin prevents adhesion of oil (Ziccardi et al.,
2015). The effects of ingested oil are unknown. Moreover, whales may
tend to avoid densely trafﬁcked shipping lines altogether (Finley et al.,
1990).
Fish are divided into two groups in our food web, pelagic and de-
mersal ﬁsh, based upon their primary habitat. The division reﬂects
also the possible fate of spilled oil. Pelagic ﬁsh and ﬁsh eggs may come
into direct contact with oil more easily while demersal ﬁsh are likely
to come into contact with oil only if oil sinks and pollutes the seabed.
However, in the latter case the living habitat might become destroyed
for a long period of time making recolonization hard or impossible.
Pinto et al. (1984) suggests that demersalﬁsh are able to avoid sediment
contaminated with oil. In general, adult ﬁsh and fry might be able to es-
cape contaminated waters whereas larvae and eggs typically have at
best limited possibilities to avoid oil by active swimming (Bohle,
1986; Rice, 1973; Hossain et al., 2014). Besides the higher probability
of exposure, ﬁsh eggs and juveniles seem to also be more sensitive to
toxicants (Norcross et al., 1996; Marty et al., 1997; Young et al., 2011).
Thismakes ﬁsh spawning sites particularly sensitive to oil spills. Labora-
tory experiments dealing with the lethal and sublethal effects of oil on
ﬁsh are numerous (e.g. Carls et al., 1999; Aas et al., 2000; Andersen
et al., 2015; Edmunds et al., 2015) but ﬁeld studies have generally failed
to document any widespread effects on ﬁsh stocks. Possible explana-
tions are due to combination of several factors including avoidance reac-
tions and highly dynamic nature of ﬁsh stocks that reduces the
possibilities of identifying changes caused by oil. Moreover, large pro-
portions of larvae would have to be destroyed to affect recruitment.
Nonetheless, negative impacts on the key ﬁsh species could have large
ecological implications as ﬁsh form an important link between zoo-
plankton and the upper trophic levels.
Birds are divided into two groups, anatids (family of birds that in-
cludes ducks, geese, and swans) and (true) seabirds, based upon their
behavioral characteristics. Both groups share some similarities: most
species live on the open sea and only go ashore for breeding. Most spe-
cies are also migratory, arriving in the spring when melting of ice in-
creases the primary production. Adult birds often molt between
breeding and migration, which makes them ﬂightless for one or two
months. An accident occurring during molting, and when offspring are
still completely dependent on their parent(s) could be particularly dev-
astating. Although few studies have focused on Arctic species speciﬁcal-
ly, the effects of oil in general are relatively well understood (e.g. Briggs
et al., 1997; Wiese and Robertson, 2004; Henkel et al., 2012). Birds rely
on feathers for insulation and buoyancy, so the contamination of the
plumage can lead to hypothermia, starvation, and drowning, and
ingested oil can lead to death or impaired reproduction (AMAP, 2010).
Further, avian embryos can be highly sensitive to oil that contaminates
eggs shells, and depressed growth in young birds has been reported due
to oiling (Leighton, 1993). The impact of a spill will differ from one spe-
cies to another, as a function of behavioral patterns and sensitivity. In
this work, we only consider birds that we expect to be most affected
by oil (see e.g. King and Sanger, 1979 for a comprehensive oil vulnera-
bility index listing). From oil spill perspective the main differences be-
tween anatids and (true) seabirds are their habitat use outside of
breeding season and their way of acquiring food. Anatids dive for ben-
thic invertebrates or eat them by upending in shallow waters, whereas
seabirds mainly eat pelagic ﬁsh and crustaceans they forage by diving
for schoolingﬁsh. After breeding they usually occur in pelagic zone. Sea-
bird populations are particularly at risk from oil spill because of the so-
cial behavior of the individuals; in large aggregations majority of birds
may be oiled at once.
Aquatic invertebrates are divided into four groups, benthic, shore-
line, ice-associated andwater column invertebrates, based upon their
primary habitat. Benthic invertebrates live in a close contact with the
seabed, while shoreline invertebrates live in shallow waters. Ice-
associated invertebrates live under the ice. Water column invertebrates
are practically all the remaining marine invertebrates and they can be
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egorization is based on the location of individuals as we assume that
they have a very limited ability to avoid oil. Harmfulness of an accident
to different functional groups is assumed to depend on key species
(genera/families) of a functional group as for example crustaceans are
more acutely vulnerable to oil than for example mollusks. Oil impacts
to aquatic invertebrates have been studied to some extent. In general,
zooplankton seems to recover relatively fast after a spill, as they have
high reproduction rates and wide distributions (Wells and Percy,
1985).Mobile invertebrates, for example crustaceans,may be able to es-
cape the oil but can also get stuck in it (Bonsdorff and Nelson, 1981)
whereas sessile benthic invertebrates such as mussels may survive
short-term oil smothering by closing up their shell (Mosbech, 2002).
Then again, sessile species may also suffocate under thick layers of oil.
3.2. Step 2: structuring the Bayesian network for the risk assessment
The magnitude of the impacts of an oil spill on the biota depends on,
among others, the properties and the amount of the spilled oil, the loca-
tion and timing of the spill, the weather conditions during and after the
spill, and the biological traits of individuals, and habitats affected by the
spilled oil (Transportation Research Board and National Research
Council, 2003). The issue is complicated further by the numerous interac-
tions between these factors. For instance, the extent of the area affected
by oil is dependent, in addition to the volume of the spill, on the spread-
ing andweathering processes of oil, which, in turn, are dependent on the
oil type, as well as prevailing weather and oceanographic conditions.
The general BN for assessing ecological effects of oil spills in the Arc-
tic seas (Fig. 2; Table 1) includes variables that describe characteristics
of accidental oil spills (e.g. Season andOil type) and the extent of oil con-
tamination (Oiled area,Oil persistence), aswell as relevant ecological pa-
rameters (Acute impact, Long-term impact, Recolonization, Reproduction).
Our focus is on the variables that are sufﬁcient for the analysis of acute
effects of an oil spill in a speciﬁc location (highlighted with gray in
Fig. 2). These variables enable a scenario-based assessment at that loca-
tion; that is an assessment of the effect of, e.g., season or type of spilled
oil on the functional groups in that area.
The variables that precede the location-speciﬁc variables (indicated
with dotted line in Fig. 2) would widen the approach from the location-Table 1
Summary of the variables in the Bayesian network in Fig. 2 and a proposed discretization
of the variables.
Variable Deﬁnition and discretization of the variable
Variables relevant for acute impacts
Season Time of accident. Discretized into spring, summer and
autumn (and possibly winter).
Oil type Type of spilled oil. Discretized into extra light, light, medium,
heavy and extra heavy.
Oiled area Extent of the area affected by the spilled oil. Depends strongly
on the assumed accident location and spill size. Hence, the
discretization has to be decided for each ERA separately after
the accident location and spill size have been determined and
oil spreading estimated.
Acute impact A percentage of remaining population after the spill
compared to the pre-spill population. Combines the
likelihood of encounter and response (escape or death) once
oiled. Discretized to subintervals between 0 and 100.
Variables relevant for long-term impacts
Oil persistence Describes the extent and duration of oil in the environment, and
varies spatially depending on oiled area and type of oil.
Discretized into high, moderate and low.
Recolonization Rate at which a functional group recolonizes the area after an
accident. Discretized into high, moderate and low.
Reproduction Average reproduction rate of a functional group. Discretized
into high, moderate and low.
Long-term impact A percentage of remaining population after the spill
compared to estimated population without the oil spill.
Discretized to subintervals between 0 and 100.and spill-speciﬁc assessment to a more general risk assessment in the
Arctic marine areas. Although the latter is not in the scope of this
paper, we want to point out that it is evident that there is a large num-
ber of other relevant variables that could be included in the analysis de-
pending on the scope (see e.g. Lehikoinen et al., 2015 and Helle et al.,
2015). A comprehensive analysis could also include management mea-
sures that affect the variables in the BN, such as regulations related to
the opening and closing of shipping routes, and to the structure of ves-
sels. Further, variables with solid line and white background in Fig. 2
would be relevant when describing the long-term effects of oil spills.
In the following we give a short description of the variables in the BN,
with a special focus on the matters that are important to take into ac-
count when conducting ERA in the Arctic. Table 1 describes the pro-
posed technical deﬁnition and discretization of the variables.
3.2.1. Variables relevant to the assessment of acute impacts
Season describes the time of an accident. This is likely to have a great
effect on oil spill impacts, as season affects the population sizes (i.e.
which functional groups are present at the area and how abundantly),
the likelihood of an exposure (e.g. are the individuals at sea or at
land), and relative sensitiveness of functional group (e.g. life stage can
have a major impact on sensitivity). In the Arctic, special attention
should be addressed to the migration patterns, as they determine e.g.
the populated areas and the proportion of offspring in a population.
Ice cover, that varies annually but follows the seasons, contributes to
both spreading of oil and distribution of functional groups.
Oil type describes the type of spilled oil. Different oil types are being
transported in the Arctic, the ecological impacts of which vary. For ex-
ample, density and viscosity of oil affect weathering processes oil un-
dergoes as well as ﬂoating or sinking of oil (Transportation Research
Board and National Research Council, 2003; Fingas, 2000). Weathering
processes and the fate of oil can be very different in the Arctic compared
to more temperate regions, and especially the inﬂuence of ice cover is
inadequately understood. For example, presence of ice slows down
the spreading, evaporation and natural dispersion of oil, and release of
oil under ice may lead to encapsulation of oil (Fingas and Hollebone,
2003; Brandvik et al., 2006; Afenyo et al., 2016).
Oiled area describes the extent of the area affected by a harmful
amount of oil. Dependingon the accident type and the amount of spilled
oil, the size of the area affected by oil (e.g. length of oiled coastline or ice
edge, proportion of oiled seabed, or volume of water body contaminat-
ed) varies, which, in turn, will affect how big proportion of a population
is exposed to oil. The deﬁnition of harmful amount of oilmay depend on
the functional group but for simplicity we assume here that the area re-
fers to areawhere oil amount (e.g. thickness of the slick or the underwa-
ter concentration) exceeds a ﬁxed cut-off value. The main factor in the
Arctic affecting the fate of oil, including the area oiled, is the presence
of ice. For example, in ice covered waters oil will mainly drift with the
ice which can have a major impact on the likelihood of oil reaching
the shore. In addition, spreading in ice depends on ice type and cover
(Brandvik et al., 2006).
Acute impact describes the effect of an oil spill on a functional group
during and right after an accident. Here the acute impact is deﬁned as a
percentage decrease in the population sizes, and it takes into account
the likelihood of encountering the spilled oil and the response once
oiled. Response can be either death or escape. For many functional
groups like mammals, birds and ﬁsh, acute impacts are assessed sepa-
rately for offspring and adults, as both the exposure likelihood and the
responses to oiling can be expected to be different between the life
stages. For example, adult ﬁsh may be able to avoid oil effectively
whereas the fate of ﬁsh eggs depends solely on drifting of oil.
3.2.2. Variables relevant to the assessment of long-term impacts
Oil persistence describes both the extent and duration of oil load in
the environment, and depends on the amount and type of spilled oil.
It varies spatially and could be summarized by an index that has high
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when the amount of oil is moderate or duration of oiling is relatively
short, and low when both the amount and duration are low. In reality,
theweather conditions have great signiﬁcance to the long-term intensi-
ty of oiling but considering them complicates analysis considerably, and
is outside the scope of this paper. While in the Arctic, we can, however,
assume that the spilled oil is going to stay in the environment for a long
period of time. For example, if large amount of heavy oil has sunk to the
seabed, oilmay stay there unpredictably long. Crude oil originating from
EVOS is still left at the shores of PrinceWilliam Sound 30 years after the
accident (Nixon and Michel, 2015). Contaminated habitats can impede
or fully prevent recolonization from close-by areas and return of indi-
viduals who ﬂed after an accident.
Recolonization describes recolonization ability of the functional
group. Generally different species have varying recolonization abilities
(Kaiser et al., 2011). Further, recolonization rates can be affected by
the amount of oil left in the environment (Day et al., 1997; Fukuyama
et al., 2014) especially if the spill site is isolated (Kubach et al., 2011).
Even if organisms are generally efﬁcient colonizers, remaining oil may
prevent or seriously delay recolonization (Pinto et al., 1984).
Reproduction describes the average reproduction efﬁciency of a func-
tional group, which is affected by a group-speciﬁc characteristics, e.g.
age at maturity, number of offspring, and average lifespan (Storer
et al., 1979). Reproduction efﬁciency is also affected by the amount of
oil left in the environment, and oil canweaken it through both sublethal
effects on fertility (Ainley et al., 1981; Peterson et al., 2003) and by
destroying breeding grounds (Dunnet et al., 1982; Pinto et al., 1984).
Long-term impact describes the status of the functional group after a
chosen period of time. In addition to the acute impacts, long-term im-
pacts are dependent on the status of other functional groups in the
food web (i.e. predators and prey). The loss of food sources is likely to
have adverse impact on the recovery of the functional groups whereas
the disappearance of a predator or a competitor may beneﬁt the prey.
Simple food webs and strong dependencies between groups can
strengthen these impacts disproportionately compared with temperate
regions. The fate of offspring after an accident may also have long-term
effects especially to functional groups with low reproductive rates. In
general, long-term impacts may be signiﬁcantly prolonged in the Arctic
as the cold environment slows down the weathering processes. As Arc-
tic animals often rely on lipid rich blubber for insulation, chronic expo-
sure accumulates especially in large marine mammals.
3.3. Step 3: quantifying the risk assessment by estimating the probability
distributions of the Bayesian network
Before the BN can be used for risk assessment we need to deﬁne the
probability distributions in it. Probability distributions for variables
summarizing the accident scenarios (Location, Spill size and Oil type in
Fig. 2) can typically be derived e.g. by using available accident or mari-
time transportation statistics (see e.g. Helle et al., 2011; Lecklin et al.,
2011; Jolma et al., 2014). However, as the volume of trafﬁc in the Arctic
has, until recently, been limited, the number of realized accidents is low
and the statistics may thus not provide reliable estimates for the vari-
ables. Moreover, typical accident patterns in the past may not reﬂect
the situation in the future. Hence, there may be a need to complement
the statistics with expert elicitation or modeling. This may especially
apply to the Spill size, as the characteristics of accidents in ice conditions
typically differ from those in open water (Verny and Grigentin, 2009;
Ho, 2010; DNV GL, 2014). The probability distribution for the extent of
a spill (Oiled area) can, in principle, be produced by running an oil
spill fate model with alternative parameterizations (e.g. OSCAR: Reed
et al., 1995 and SIMAP: French-McCay, 2004, French McCay et al.,
2004), but these models typically require e.g. a detailed weather, cur-
rent and shoreline data that may not be available for all places in the
Arctic. Furthermore, the models may have limited ability to model oil
in ice conditions (Afenyo et al., 2016). Another option is to calculate acoarse estimate by applying e.g. Fay-based equations that describe the
spreading of oil (see e.g. Fingas and Hollebone (2003) and Afenyo
et al. (2016), for a review of oil in freezing conditions), or, if this is not
feasible, to rely on, as a ﬁrst step, estimates on the oiled area obtained
from earlier accidents, or from expert assessment.
Ourmain focus in this paper is on the acute effects of oil to biota that
depend on the spatial extent of the oil spill (Oiled area), the time of the
accident (Season) and the type of oil (Oil type). These three variables
summarize where, when, and what kind of oil is found after alternative
accident scenarios. Even if we do not have justiﬁed probability distribu-
tions for these variables, we are able to conduct scenario-based analysis
of the ecological effects of potential oil spills. The results can then later
be included into more detailed risk assessment analysis that contains
the chain from accident scenarios to ecological consequences (Lecklin
et al., 2011; Ehlers et al., 2014; Helle et al., 2015).
In principle, the probability distributions for the acute effects given
the combinations of different states of the parent variables can be
elicitated from experts for each area and accident scenario separately
(e.g. Lecklin et al., 2011). However, this approach means that all proba-
bility tableswould need to be updated for each new assessment. For this
reason, we aim at procedure that minimizes the extra work load per
new assessment. Moreover, our aim is to break the risk assessment pro-
cess into pieces for which expert assessment or data analysis (if feasi-
ble) is easier to conduct.
When assessing the acute effects, we start by estimating the propor-
tion of individuals in a functional group that is within the oiled area dur-
ing the period of time when the oil is spreading (Fig. 1). Hence, a
sensible time frame included into the acute periodmay, in principle, dif-
fer between season and type of the spill. In the absence of case-speciﬁc
knowledge, a good rule of thumb can be to consider a two-week period,
classiﬁed as a ‘spill in progress’ phase by Boehm and Page (2007). Ac-
cording to them, during this period the oil at water surface is likely to
have its maximum exposure potential, and the water column concen-
trations can be expected to be at maximum.
Here, a population should be understood as a quantity at the func-
tional group level summarizing the quantity and distribution of individ-
uals in that functional group. We could consider the total population in
the Arctic region but in practice it is convenient to consider a (sub)pop-
ulation in a smaller study region containing the oiled area. The propor-
tion of population present in the oiled area during the acute period of
oil spill is the total population density over that area divided by the
total population density over the whole study region. In technical
terms, if L(s, t) denotes an abundance or density of a population at lo-
cation s at time t, the potentially exposed proportion of population is
ϕ(t)= ∫s∈Oiled areaL(s, t)ds/∫s∈Distribution areaL(s, t)ds.
Not all individuals come into contact with oil even though theywere
in the oiled area, and not all individuals die even if they had contactwith
oil. Some species may be able to avoid oil actively (see e.g. Rice, 1973;
Lipcius et al., 1980; Engelhardt, 1983; Bohle, 1986; Ryder et al., 2004)
or they are not prone to exposure due to their behavior; e.g. some sea-
birds that spend most of their time ﬂying and roost on land. Hence,
next we estimate the probability of an individual to come into contact
with oil given there is oil in the area, and after that, the probability of
an individual to die given it is exposed to oil. The expected proportion
of individuals in the study area that dies due to an oil spill (Acute effect,
Fig. 2) at time t is then
Acute effect=ϕ(t)Pr(death|contact)Pr(contact).
One approach to estimate the spatial distribution of a functional
group is to use species distributionmodels (SDM)which link the species
occurrence or abundance to spatial location through environmental var-
iables at that location to produce predictions (extrapolate) for popula-
tion occurrence/density at other locations (Guisan et al., 2002; Gelfand
et al., 2006; Elith and Leathwick, 2009). It should be noted that if we
can model the relative density of a population we do not need to know
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population within the oiled area. With some functional groups and in
some areas of Arctic SDMs are potentially very feasible approach. For ex-
ample, there are studies on distribution of apex predators, seals, bottom-
feeding mammals, whales, birds and even some ﬁsh species frommany
Arctic sea areas (Cohen et al., 1990; Bakken, 2000; Boltunov and Belikov,
2002; Bengtson et al., 2005; Boltunov et al., 2010; Matishov et al., 2014).
Broad scale low resolution information about many essential environ-
mental variables (such as ice cover, depth and salinity) are also available
(e.g., Cavalieri et al., 1996; Jakobsson et al., 2012; Boyer et al., 2013).
However, the low resolution of available environmental data restricts
also the resolution of predictions of SDMs and in some areas the reliabil-
ity of environmental data is also questionable (Cavalieri et al., 1996;
Jakobsson et al., 2012). Moreover, there are currently no species distri-
bution studies that would cover exhaustively the whole Arctic and in
some areas the traditional SDMs alone are hard to apply since available
useful data are patchy, sparse, or totally missing. In such situations,
novel methods to fuse complementary sources of information may be
needed. In some cases expert elicitation may be the only way to get an
estimate of the distribution of the population. Moreover, traditional
SDMs often only focus on occurrence but in our application, information
on species abundance is essential – as it is for management and also for
conservation purposes in general (Johnston et al., 2015).
It seems that estimating the probability that an individual comes
into contact with oil and the probability of death given there is a contact
must rely heavily on expert assessments. For some functional groups,
such as benthic invertebrates, ﬁsh and birds there are ecotoxicological
studies (Aas et al., 2001; Esler et al., 2002; Boehm et al., 2004) that
can be used in a meta-analysis to infer the probability of an individual
to die given it is exposed to oil. However, also these studies consider
only very limited number of species mostly in warm or temperate cli-
mates. The same issue applies for the publicly available databases
(such as ECOTOX1 by United States Environmental Protection Agency)
of chemical toxicity data; the majority of data concerns temperate spe-
cies, and most of the tests have been carried out using a single speciﬁc
chemical, not crude oil as such. A method for interspecies toxicity ex-
trapolation in birds and mammals has been suggested (Luttik et al.,
2005) but it has only been found to work for birds and in this case
also the limited data of mostly temperate species causes constraints.
Furthermore, for obvious ethical and legal reasons, implementing eco-
toxicological tests on animals such as polar bears would be impossible
for which reason for most of the functional groups, such as apex preda-
tors and seals, applicable ecotoxicological studies do not exist. Studies
on species behavior in oiled areas are also scarce (Engelhardt, 1983;
Scott and Sloman, 2004;Matkin et al., 2008). Thereby, expert elicitation
may be the only feasible approach to comprehensively assess the re-
quired probabilities for most of the functional groups. However, once
these probabilities are assessed they are transferrable to any area in
the Arctic region. Hence, for each newoil risk assessmentwe need to es-
timate only the species distributions and oil spread in that speciﬁc area.
Currently, there is only a limited understanding of the long-term ef-
fects of oil spills in Arctic waters. Some long-term studies have been
conducted after the sub-Arctic EVOS (Thomas et al., 1999; Golet et al.,
2002; Peterson et al., 2003; Payne et al., 2008) but the problem seems
to be the poor knowledge of the ecosystem prior to the accident. Never-
theless, long-term effects appear to exist even though they are not fully
understood, and ignoring them underestimates the risks related to Arc-
tic oil accidents. Again, one way to assess the long-term impacts is the
use of expert knowledge, although the complexity of the matter may
pose a challenge even for experts familiar with Arctic ecology. Thus
modeling, even if it produces only rough estimates, may be a more reli-
able way of estimating long-term impacts. In the framework proposed
in this paper, long-term impacts depend on the acute effects on adults1 https://cfpub.epa.gov/ecotox/.and offspring, and also on the functional group-speciﬁc recolonization
and reproduction capacities.4. Discussion and conclusions
The main objective of the study was to suggest an approach to
move towards quantitative oil risk assessment in the Arctic ecosys-
tem. Accurately implemented risk assessment would help us to pre-
pare for the growing risk of an Arctic oil spill, and to guide
management of oil spill related factors. We suggest to use Bayesian
theory when moving from qualitative to quantitative risk assess-
ment since it allows the integration of information from different
sources and with different accuracy. We built a conceptual BN that
describes the most important variables and dependencies among
them that need to be taken into account when assessing the overall
ecological risks of potential spills. Although quantitative knowledge
was not yet formally incorporated, the BN reveals the key compart-
ments in the ecosystem and the variables in the chain from accident
to ecological consequences that should be taken into account in an
ERA concerning oil transportation in the Arctic.
We propose that Arctic oil spill risk analysis should be based on Arc-
tic food web on functional groups level. The main theoretical justiﬁca-
tion comes from the fact that this representation enables a holistic
analysis of risks to the whole ecosystem and provides a natural way to
extend the analysis from acute to long term effects. Moreover, using
functional groups increases the amount of information available for
risk analysis. Alike approach has been used e.g. by Spill Impact Model
Application (SIMAP: French-McCay, 2004; French McCay et al., 2004)
which does not ﬁt the Arctic but supports the group based approach
when modeling the impacts of an oil spill.
There are still major restrictions for conducting an extensive
quantitative Arctic oil spill risk analysis. Acute impacts of an oil
spill can be analyzed with some precision already. Approach may
vary depending on a functional group, e.g. for top predators the
only feasible approach to estimate oil spill effects seems to be expert
elicitation which may be supplemented with some estimates from
literature. Then again, for certain invertebrates toxicological experi-
ments may be available allowing for meta-analysis approach. Avail-
able toxicological data are aplenty, and even if data for Arctic
species are lacking, good estimates can likely be extrapolated. Esti-
mating the long-term impacts reliably, however, is a real challenge.
They depend on so many variables that assessing them may be im-
possible for experts and we currently lack models that would de-
scribe Arctic ecosystems with large enough realism. Even if we are
currently forced to leave the long-term impacts out of the analysis,
their likely existence must not be overlooked.
Key information sources for conducting a comprehensive analysis on
oil spill impacts in the Arctic are the behavior of oil and the distributions
of species. The importance of distribution data and accurate oil fate and
spreading models grows when we aim to move from general descrip-
tion to location speciﬁc analysis. Nonetheless, even without complete
knowledge of these subjects our approach can be exploited to compare
relative harmfulness of different accident scenarios, and to identify the
most sensitive parts of an ecosystem.
One of the central conclusions from our work is that Arctic oil spill
risk analysis must at the moment, and likely also in the future, rest
heavily on expert knowledge. Hence, similar to many other risk as-
sessment and management problems (Burgman, 2005; O'Hagan
et al., 2006) efﬁcient elicitation of that information is a key to a suc-
cessful analysis. Models for oil spill risk analysis will likely improve
in the future but some variables are hopefully always estimated by
experts, as we hope not to obtain any data about e.g. effects of oiling
to polar bear cubs. That is to say that sources of information such
as expert elicitation are needed when direct measurements are
infeasible.
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Arctic ecosystems. There are development needs not only for data col-
lection methods but also for methods to plan and design cost-efﬁcient
data collection. The Bayesian approach allows for value of information
analysis (VoI) where one plans the data collection so that the expected
utility/loss (e.g., information/ecological risk after management deci-
sion) is maximized/minimized after obtaining the new data (Raiffa
and Schlaifer, 1961;Mäntyniemi et al., 2009; Eidsvik et al., 2015). In Arc-
tic areas VoI analysis is likely to provide tremendous beneﬁts since the
costs of exploration and data collection are high and the current infor-
mation about the environment is low.
The conceptual description we have built in this paper is neither a
perfect representation of the ecological interactions in the Arctic nor
an exhaustive list of aspects that should be taken into accountwhen an-
alyzing potential risks related to Arctic activities. However, we provide a
holistic picture of the ecological entities that should be taken into ac-
count when analyzing the risks to the Arctic environment posed by oil




BBNs can be used to analyze where extra information is most valuable
with the VoI approach. The number and complexity of processes in-
volved in the oil spill problem are clearly great. The BN built here intro-
duces simpliﬁcations and neglects some processes but is rather meant
to allow support to understand and recognize the risks associated
with increased maritime oil transport in the Arctic and guide the future
research.
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